After substantial loss of cochlear hair cells, exogenous neurotrophins prevent degeneration of the auditory nerve. Because cochlear implantation, the current therapy for profound sensorineural hearing loss, depends on a functional nerve, application of neurotrophins is being investigated. We addressed two questions important for fundamental insight into the effects of exogenous neurotrophins on a degenerating neural system, and for translation to the clinic. First, does temporary treatment with brain-derived neurotrophic factor (BDNF) prevent nerve degeneration on the long term? Second, how does a BDNF-treated nerve respond to electrical stimulation? Deafened guinea pigs received a cochlear implant, and their cochleas were infused with BDNF for 4 weeks. Up to 8 weeks after treatment, their cochleas were analyzed histologically. Electrically evoked compound action potentials (eCAPs) were recorded using stimulation paradigms that are informative of neural survival. Spiral ganglion cell (SGC) degeneration was prevented during BDNF treatment, resulting in 1.9 times more SGCs than in deafened untreated cochleas. Importantly, SGC survival was almost complete 8 weeks after treatment cessation, when 2.6 times more SGCs were observed. In four eCAP characteristics (three involving alteration of the interphase gap of the biphasic current pulse and one involving pulse trains), we found large and statistically significant differences between normal-hearing and deaf controls. Importantly, for BDNF-treated animals, these eCAP characteristics were near normal, suggesting healthy responsiveness of BDNF-treated SGCs. In conclusion, clinically practicable short-term neurotrophin treatment is sufficient for long-term survival of SGCs, and it can restore or preserve SGC function well beyond the treatment period.
Introduction
Profound hearing loss is often caused by cochlear hair cell loss. Cochlear implants (CIs) essentially replace hair cells by encoding sound and conveying the signal by means of pulsatile electrical stimulation to the spiral ganglion cells (SGCs), which form the auditory nerve (Géléoc and Holt, 2014) . SGCs progressively degenerate in response to hair cell loss (Ylikoski et al., 1974; Spoendlin, 1975; Versnel et al., 2007) , which in human CI users has been shown to be negatively correlated to speech perception (Seyyedi et al., 2014) . Treatment with exogenous neurotrophic factors, such as brain-derived neurotrophic factor (BDNF) or neurotrophin-3 (NT-3), prevents SGC degeneration (for review, see Ramekers et al., 2012) .
For treatment with neurotrophic factors to become suitable for clinical application, long-term effectiveness is crucial, with respect to both SGC survival and responsiveness to electrical stimulation (Staecker and Garnham, 2010) . If continuous support is necessary for SGC survival (Pettingill et al., 2011) , cell-based or viral-based delivery of neurotrophic factors may be appropriate (e.g., Wise et al., 2011; Atkinson et al., 2014) . However, these methods face practical and ethical objections. Increased levels of neurotrophic factors may have unpredictable effects (e.g., neoplasia) on the long-term, and it may be difficult to stop the treatment if necessary. From an ethical perspective, using genetically modified cells or viruses for human applications might be considered undesirable. For single temporary delivery (e.g., through simple and clinically feasible administration onto the round window membrane) (Havenith et al., 2011 (Havenith et al., , 2015 , a sustained protective effect is required. Such a prolonged effect has been demonstrated for periods of 2-4 weeks Agterberg et al., 2009; Fransson et al., 2010) . However, these periods are relatively short, leaving the question of whether degeneration has only been postponed. Therefore, the first objective of the present study is to assess SGC survival after a more extended period (8 weeks) following cessation of BDNF treatment, sufficiently long to observe effects of withdrawal. If temporary treatment only postpones the degeneration, a loss of Ͼ50% would be expected (van Loon et al., 2013) , whereas SGC loss would be negligible if temporary treatment triggers a self-supporting mechanism in SGCs (Ramekers et al., 2012) .
The second objective is to examine the effect of neurotrophin treatment on the nerve's responsiveness by means of electrically evoked compound action potential (eCAP) recordings. eCAPs provide a more direct measure of functional effects of neurotrophin treatment than the commonly used electrically evoked auditory brainstem responses (eABRs) (Shinohara et al., 2002; Endo et al., 2005; Shepherd et al., 2005; Chikar et al., 2008; Agterberg et al., 2009; Havenith et al., 2011 Havenith et al., , 2015 Leake et al., 2011) . We applied various stimulation paradigms, which may discriminate between healthy and degenerated nerves. Specifically, we examined the effect of an interphase gap (IPG) in the biphasic current pulse, the magnitude of which has been shown to correlate with SGC survival (PradoGuitierrez et al., 2006; Ramekers et al., 2014) . Furthermore, temporal response properties, including neural recovery characteristics, were assessed with multiple-pulse stimulation paradigms (Ramekers et al., 2015) . The main question is whether the BDNF-treated nerve's response resembles that of a healthy nerve or of an untreated degenerated nerve.
This study examines whether brief neurotrophin treatment has long-term protective effects on the auditory nerve, including responsiveness to electrical stimulation. In general terms, this study contributes to our knowledge of the role of neurotrophins in neurodegenerative disorders.
Materials and Methods
Animals and experimental design. Forty female albino guinea pigs (Dunkin Hartley; 250 -350 g) were obtained from Harlan Laboratories and kept under standard laboratory conditions (food and water ad libitum; lights on between 7:00 A.M. and 7:00 P.M.; temperature 21°C; humidity 60%). All animals had bilateral normal hearing before any experimental treatment, as assessed with click-evoked ABRs.
Animals were divided into five experimental groups as depicted in Figure 1 . One group served as normal-hearing controls (NH, N ϭ 6). The remaining groups (14 weeks deaf, 14WD, N ϭ 6; BDNF-treated, BDNF0, N ϭ 9; BDNF-treated with an additional 4 week period after cessation of the treatment, BDNF4, N ϭ 10; and BDNF-treated with an additional 8 week period after cessation of the treatment, BDNF8, N ϭ 9) were exposed to ototoxic treatment 2 weeks before implantation. In all animals, the right ears were implanted with an intracochlear electrode array combined with a cannula, which was connected to a subcutaneously placed osmotic pump. The pump reservoir was filled with PBS either with or without BDNF. Four weeks after implantation, the osmotic pumps were surgically removed to end the treatment. Depending on the treatment schedule, animals were killed 4, 8, or 12 weeks after implantation (Fig. 1) . Electrophysiological measurements were performed immediately after each surgical procedure and immediately before termination and histological processing of the cochleas. eCAP recordings after implantation and after pump removal were performed in a brief session of 2-3 min, so as not to allow possible neurotrophic effects of electrical stimulation to occur, even though such effects were assumed to be negligible . All surgical and experimental procedures were approved by the Animal Care and Use Committee of Utrecht University (DEC 2010.I.08.103) .
Cochlear implantation of normal-hearing animals involves stimulation of the functional organ of Corti as well as stimulation of SGCs, but the stable condition of the healthy cochlea was necessary to cancel out any confounding effects of chronic implantation. Although electrically evoked activity of hair cells (also known as electrophonics) is to be expected in normal-hearing animals, electrophonics do not influence the eCAP because the latency of electrophonic spikes is 1-2 ms longer than that of spikes directly evoked at the SGC soma or peripheral process Figure 1 . Treatment schedule for all five groups. At time point t ϭ 0, all groups except the NH controls were ototoxically deafened after confirmation of normal hearing. At t ϭ 2, all animals were implanted with an electrode array and infusion cannula. The subcutaneously positioned osmotic pump contained PBS either with (BDNF0, BDNF4, and BDNF8 groups) or without (NH and 14WD groups) BDNF. At t ϭ 6, the osmotic pumps were surgically removed for all groups. At the end of the experimental procedure (t ϭ 6 for BDNF0, t ϭ 10 for BDNF4, and t ϭ 14 for all other groups) extensive eCAP recordings were performed, and the animals were killed for histological analysis of both cochleas immediately afterward.
(Javel and Shepherd, 2000; Stronks et al., 2010) . We have specifically chosen normal-hearing animals as positive controls, rather than acutely deafened animals, for the following reasons. First, after acute deafening, the cochlear condition is not stable, which may result in varying eCAP outcomes during the recording session. Second, the isolated effects of implantation over time (separate from deafness-induced degeneration) can be investigated only in nondeafened chronically implanted animals. Third, we compare the present data with data from our previous studies (Ramekers et al., 2014 (Ramekers et al., , 2015 , in which we had two groups of deafened animals (2 weeks deaf with mild loss of SGCs, and 6 weeks deaf with substantial loss of SGCs).
Deafening procedure. Animals were anesthetized by intramuscular injection of dexmedetomidine (Dexdomitor; 0.25 mg/kg) and ketamine (Narketan; 40 mg/kg), and click-evoked ABRs were recorded to confirm normal hearing (for details, see Ramekers et al., 2014) . Thresholds Ͻ40 dB peak equivalent SPL (peSPL) were considered to indicate normal hearing. Deafening was done by subcutaneous injection of kanamycin (Sigma-Aldrich; 400 mg/kg) and subsequent infusion of furosemide (Centrafarm; 100 mg/kg) into the external jugular vein, which has been shown to eliminate the majority of both inner and outer hair cells (West et al., 1973; Versnel et al., 2007) .
Osmotic pump preparation and cochlear implantation. We followed procedures for BDNF delivery that were comparable with those performed previously in our laboratory . Approximately 40 h before cochlear implant surgery, the Alzet osmotic pumps (model 2004; reservoir volume: 200 l; flow rate 0.25 l/h; Durect) were filled with PBS containing 1% guinea pig serum (SigmaAldrich) for NH and 14WD groups. For the BDNF-treated groups, 100 g/ml BDNF (PeproTech) was added. Pumps were then incubated in sterile PBS at 37°C until implantation. With a flow rate of 0.25 l/h, the total quantity of BDNF infused into the cochlea after 28 d was ϳ17 g. Anesthesia was induced as described for deafening above; in addition, 0.05 mg/kg atropine was given by intramuscular injection to reduce bronchial secretion. Click-evoked ABRs were recorded to confirm a successful deafening procedure (i.e., threshold shift Ͼ50 dB) before initiation of the implantation procedure.
The skull was exposed, and five transcranial screws (1.2 mm diameter) were placed for eCAP stimulation and for eCAP and ABR recording purposes. These screws were placed 2 cm anterior to bregma (ABR reference electrode); 1 cm posterior to bregma (ABR active electrode); 1 cm to the left of bregma (eCAP recording reference electrode); and two screws 1 cm to the right of bregma (ABR ground electrode and eCAP stimulation reference electrode). An additional screw was positioned just anterior to bregma for anchoring of the electrode array connector onto the skull. Via a retro-auricular approach, the right bulla was opened to gain access to the basal turn of the cochlea. Within 1 mm from the round window, a 0.4 mm cochleostomy was drilled. The array/cannula was inserted through the cochleostomy into the scala tympani ϳ4 mm. The array had a diameter of 0.3 mm at the tip and slightly tapered so that it sealed off the cochleostomy; it consisted of two electrodes, located ϳ0.5 and 2.1 mm from the tip, and a 75 m diameter fluid outlet located in between. To ensure proper functioning of the electrodes and correct insertion of the array, electrode impedances were measured and eCAP recordings were tested.
The opening in the bulla was closed with glass ionomer cement (GC Fuji PLUS; GC), and the connector of the electrode array was fixed onto the skull with polymer dental cement (ProBase Cold; Ivoclar Vivadent AG). The eCAP reference electrodes were soldered to the designated transcranial screws, which were then covered with dental cement. The cannula, which passed through the connector, was filled with sterile PBS (either with or without BDNF) before insertion into the cochlea; the flow moderator of the osmotic pump was attached, and the pump was subsequently placed subcutaneously anterior to the left shoulder.
Removal of the osmotic pump. To ensure treatment cessation, the osmotic pumps were surgically removed 4 weeks after implantation (Agterberg et al., 2009). Anesthesia was induced as described for deafening above. After carefully removing the encapsulating tissue, the osmotic pump was examined for signs of treatment failure (e.g., detachment of (Stroh et al., 2004) , the amount of BDNF that would diffuse through a 75-m-diameter cannula over ϳ10 cm in 8 weeks' time is in the order of only 1 ng.
Surgical procedure for eCAP experiment. At the end of the treatment period (Fig. 1) , extensive eCAP recordings were done. Preparations for these recording sessions were done as has been described previously (Ramekers et al., 2014) . In brief, anesthesia was initiated with Hypnorm (Vetapharma; 0.5 ml/kg i.m.), followed by a gas mixture of 2% isoflurane evaporated in O 2 and N 2 O (1:2). Atropine (0.05 mg/kg) was given to reduce bronchial secretion. The animals were then tracheostomized and were artificially ventilated throughout the recording session.
CAPs. For a detailed description of eCAP recording settings and stimulation paradigms, we refer to Ramekers et al. (2014) for single-pulse and to Ramekers et al. (2015) for multiple-pulse stimulation.
A shielded cable was used to connect the electrode array and reference electrodes to a MED-EL PULSARCI 100 cochlear implant (MED-EL). The implant was controlled by a PC via a Research Interface Box 2 (Department of Ion Physics and Applied Physics, University of Innsbruck, Innsbruck, Austria) and a National Instruments data acquisition card (PCI-6533, National Instruments). Stimulation and recording paradigms, as well as data analysis scripts, were created in MATLAB (version 7.11.0; The MathWorks).
Both stimulation and recording of eCAPs were done with monopolar configuration; the most apical of the two intracochlear electrodes was used for stimulation, and the most basal one for recording. Biphasic current pulses were presented with alternating polarity to reduce stimulation artifact, whereas recordings to a subthreshold stimulus were subtracted to eliminate measurement onset artifacts.
Single-pulse paradigm. The phase duration (PD) of the current pulses was 50 s; the IPG was varied from 2.1 to 30 s ( Fig. 2A) . Maximum current levels were determined for each animal and each recording session individually, based on saturation of the input-output curves, or in some cases based on the maximum output level of the implant (6.1 V in our setup), which could be the limiting factor in case of high impedances. The maximum charge per phase was 23 nC on average (range among animals: 14 -30 nC; mean range among groups: 21-24 nC). Ten current levels were applied in 10% steps of the thus determined maximum current level. The amplitude of the negative peak, N 1 , was defined as the difference in voltage between the N 1 and the P 2 peak (first positive peak following N 1 ; see Fig. 2B-D) . Input-output functions were fitted with a Boltzmann sigmoid, following Ramekers et al. (2014) :
where V is amplitude in V, I is stimulus current in A, and A-D are fitting parameters. R 2 was between 0.91 and 1 (0.99 on average). From these parameters, several variables were derived (Fig. 2E) : the maximum N 1 amplitude (defined by B); the current level required to attain 50% of the maximum N 1 amplitude (defined by C); the slope at C (defined by B/4D); the threshold (defined by C-2D, the current level at which the tangent to the curve at C crosses A); and the dynamic range (defined by 4D). The N 1 peak latency, averaged over the three highest current levels, was analyzed in addition to these input-output characteristics.
Multiple-pulse paradigms. Current levels for masker-probe and pulse train stimulation were 10% (for artifact reduction) and 100% of the previously defined maximum current level. Biphasic current pulses (30 s PD and 30 s IPG) were presented either in pulse pairs (masker-probe stimulation) with variable masker-probe interval (MPI; 0.4 -16 ms in 18 steps) or in 100 ms pulse trains with variable interpulse interval (IPI; 0.4 -16 ms in 10 steps).
The responses to the last 10 pulses of the pulse train were recorded individually; first the response after N pulses in a 100 ms pulse train was recorded, then the responses after N-1 through N-9 pulses were separately recorded. In Figure 3 , examples of eCAP recordings from a masker-probe paradigm ( Fig. 3A) and from a pulse train paradigm ( Fig.  3B ) are shown for all used pulse intervals.
Thus obtained N 1 amplitudes were normalized to the amplitude obtained with a single pulse at maximum current level, for each animal and each recording session separately. Figure 4 shows examples of normalized amplitudes for the last 10 pulses of the pulse train. Fourier analysis of these 10 amplitudes yielded the average eCAP amplitude (DC component; used for recovery function fitting) and the amplitude of the oscillation around this average (AC component, i.e., amplitude of the most dominant frequency; used for eCAP amplitude modulation analysis).
To assess the recovery function of the pulse train data, the amplitudes versus pulse interval were fitted with a commonly used exponential function (e. 
where eCAP is the normalized eCAP amplitude for a given interpulse interval IPI, A is the maximum eCAP amplitude evoked by a probe pulse after a sufficiently long IPI (comparable to a single-pulse-evoked eCAP), is the recovery time constant, and t 0 is the absolute refractory period. In accordance with previous findings (Ramekers et al., 2015) , maskerprobe recovery functions deviated from this conventional recovery function as they displayed a nonmonotonic or shoulder-shaped course (Fig.  5A ). We therefore used a two-component exponential function to describe masker-probe recovery as follows:
where eCAP is the normalized eCAP amplitude evoked by the probe for a given masker-probe interval MPI, A is the maximum eCAP amplitude evoked by a probe pulse after a sufficiently long MPI, c is a dimensionless constant defining the ratio between the two exponential components, A is the recovery time constant of the first exponential, B is the recovery time constant of the second exponential, and t 0 is the absolute refractory period.
Histology. After completion of the final eCAP recording session, all animals were killed, and both their right implanted and left nonimplanted cochleas were harvested. Processing and analysis were largely performed as previously described (van Loon et al., 2013). After intralabyrinthine fixation and decalcification, three semithin (1 m) midmodiolar sections were cut from each cochlea at 60 m intervals and stained with 1% methylene blue, 1% azur B, and 1% borax in distilled water.
Using a Leica DC300F digital camera mounted on a Leica DMRA light microscope and a 40ϫ oil-immersion objective (Leica Microsystems), micrographs of each transection of Rosenthal's canal (2 basal, 2 middle, and 3 apical transections), as well as the organ of Corti were obtained. Within each transection of Rosenthal's canal, the number of Type I and Type II SGCs was counted and packing density was averaged across all three sections. In two of the three sections, the average perikaryal area was determined for Type I SGCs with a visible nucleus using ImageJ (version 1.42q; National Institutes of Health). Subsequently, both packing density and perikaryal area were first averaged to obtain one value per cochlear location (base, middle, and apex); these were then averaged to obtain a single value per cochlea. Because the likelihood of detecting an individual SGC depends on its perikaryal size, the average packing density was corrected for perikaryal size as previously described (Coggeshall and Lekan, 1996; van Loon et al., 2013) . Hair cell presence was sampled in midmodiolar sections (Versnel et al., 2007) . Hair cell counts included hair cells with a nucleus, a cilia bundle, or a clear cochlear hair-cell-like outline.
Statistical analysis. Differences in ABR threshold shifts were evaluated with a one-way ANOVA (for differences among animal groups) or a paired-samples Student's t test (within NH animals after implantation). Changes in SGC packing density and perikaryal area after implantation, ototoxic treatment, or BDNF treatment were assessed with one-way ANOVA or Student's t test; the Bonferroni correction was applied in case of post hoc multiple comparison. The differences in SGC packing density in BDNF-treated animals for the three cochlear locations separately were assessed using linear mixed-model analysis with cochlear location as covariate and time after deafening as factor, under the assumption of compound symmetry. For this analysis, cochlear location was defined as the distance from the round window, relative to the length of the basilar membrane (e.g., first basal turn: 0.21; helicotrema: 1.0).
Differences in absolute values of single-pulse eCAP characteristics (input-output characteristics and latency) were assessed with repeatedmeasures ANOVA, using IPG as repeats, and for time points t ϭ 6 (end of BDNF treatment) and t ϭ 14 (endpoint for groups BDNF8, NH, and 14WD) separately. The differential effect of IPG increase on eCAP characteristics among groups was evaluated with one-way ANOVA for time points t ϭ 6 and t ϭ 14 separately. To assess the longitudinal effect of implantation on eCAP characteristics, a linear mixed model was used with IPG as covariate and time (immediately upon implantation and after osmotic pump removal) as factor; for this analysis, only the NH eCAPs were used, so that neither deafening nor BDNF treatment confounded the data.
Differences in multiple-pulse eCAP characteristics (recovery and eCAP amplitude modulation) among groups were assessed with one-way ANOVA and post hoc multiple comparison with Bonferroni correction.
Linear regression was used to evaluate the relation between eCAP measures and SGC packing density in NH and 14WD animals. Using this linear relation, we predicted the eCAP measures for the average packing densities found for each of the BDNF treatment groups. The deviation between measured and predicted values in the BDNF-treated animals was analyzed using Student's t tests. The SD of the predicted values was estimated by the residuals of the regression analysis.
All statistical tests were performed with SPSS version 20.0 for Windows (IBM).
Results

Effect of deafening
A paired-samples Student's t test showed that there were no differences in hair cell counts between BDNF-treated and contralateral untreated ears (inner hair cells: t (23) ϭ 1.0; p ϭ 0.33; outer hair cells: t (23) ϭ 0.28; p ϭ 0.78). Hair cell counts from both ears were therefore averaged. In the NH group, 100% inner hair cells and 98% outer hair cells were present on average. For the deafened animal groups, between 0% and 2.2% of inner hair cells and between 0% and 13% of outer hair cells had survived. Differences in outer hair cell presence among the deafened groups were statistically significant [one-way ANOVA; F (3,26) ϭ 6.3; p ϭ 0.002; post hoc multiple comparison with Bonferroni correction showed that differences between BDNF0 and BDNF8 (p ϭ 0.002) and between BDNF0 and 14WD (p ϭ 0.023) were statistically significant]. Because there were no differences in outer hair cell presence between BDNF8 and 14WD, outer hair cell survival was most likely related to time after deafening, rather than to BDNF or control treatment.
Click-evoked ABR threshold shifts 2 weeks after the ototoxic treatment were 81 dB on average (range, 59 -89 dB). In case the ABR threshold could not be reached with the maximum click level (ϳ105 dB peSPL), the threshold shift was defined as the difference between the ABR threshold before deafening and the maximum click level. These threshold shifts did not significantly differ among the deafened groups (one-way ANOVA; F (3,29) ϭ 0.64, p ϭ 0.59). Additional ABR recordings during the final eCAP recording session (6 -14 weeks after deafening) did not show any further changes of the ABR threshold.
Effect of implantation
In all implanted ears (regardless of treatment), fibrosis or ossification was regularly observed in the scala tympani around the electrode array. A significant 10 dB ABR threshold shift (from 28 to 38 dB peSPL) was observed for the NH animals' right implanted ears (paired-samples Student's t test; t (5) ϭ 2.8, p ϭ 0.02), which was most likely caused by direct insertion-induced trauma to the organ of Corti or by the secondary fibrous tissue growth around the electrode array in the scala tympani.
Assessment of successful BDNF treatment and eCAP recordings
Four weeks after cochlear implantation and onset of the treatment (termination of the BDNF0 group; pump removal for the other groups), the connection of the cannula to the osmotic pump was examined. In one BDNF8 animal, the cannula was disconnected from the pump at this time point, and failure of BDNF treatment was confirmed with histological analysis after termination 8 weeks later: the SGC packing density was similar to that of 14WD animals. In a second BDNF8 animal, the cannula was partly ruptured at the flow moderator of the osmotic pump. As with the previous case, the SGC packing density of this animal was indistinguishable from that of 14WD animals. SGC packing densities from both animals were identified as statistical outliers in the BDNF8 group by SPSS, and both animals were hence excluded from further analysis.
Of the 38 animals that received treatment as planned, useful eCAPs could be recorded in all except for one BDNF0 animal because the eCAP threshold for this animal was unusually high (i.e., near the maximum output voltage of the stimulator). Singlepulse and masker-probe data presented here are obtained from the remaining 37 animals (NH, N ϭ 6; 14WD, N ϭ 6; BDNF0, N ϭ 8; BDNF4, N ϭ 10; BDNF8, N ϭ 7). Finally, reliable eCAPs in response to pulse trains could not be obtained in two BDNF0 animals and one BDNF4 animal because in these animals pulse train stimulation gave exceptionally large stimulation artifacts, which obscured the N 1 peak. Pulse train data are therefore presented for 34 animals.
Light micrographs of Rosenthal's canal
In Figure 6 , representative examples of transections of Rosenthal's canal in the upper basal turn are shown. SGCs in an NH cochlea are typically densely packed (Fig. 6A) ; 6 weeks after deafening, substantial SGC loss was observed and the remaining cells appear smaller, as exemplified by the left untreated ear of a BDNF0 animal (Fig. 6B) . Four week treatment with BDNF of the right ear in the same BDNF0 animal showed enhanced survival of SGCs and an increase in cell size (Fig.  6C) . Fourteen weeks after deafening, SGCs in an untreated cochlea (14WD) had degenerated further (Fig. 6D) relative to the 6WD condition (Fig. 6B) . The effect of BDNF 8 weeks after cessation of the treatment is still evident (Fig. 6E) , showing many more cells than in the untreated ear. Compared with the condition immediately after the end of the treatment period (Fig. 6C) , the cell size was clearly reduced.
SGC packing density
In Figure 7 , quantified SGC packing densities across all cochlear sections are shown in group averages as a function of time after deafening. In addition to the implanted/treated right and contralateral left ears from the present study, data of the right ears of three groups from a previous study (Ramekers et al., 2014) are shown in this figure. The guinea pigs in these groups were acutely implanted and did not receive any neurotrophic treatment. The first of these three groups consists of six normal-hearing animals represented by the blue circle at time point t ϭ 0. The second consists of five 2 weeks deaf (2WD) animals denoted by the black triangle at t ϭ 2, the time point at which the animals in the present study were implanted and the BDNF treatment started. The third group contains six 6 weeks deaf animals (6WD) and is denoted by the black triangle at t ϭ 6. The remaining data points are the implanted right ears (solid lines; filled symbols) and untreated contralateral ears (dashed lines; open symbols) from the present study. Figure 5 . Examples of recovery function fitting. All amplitudes were normalized to a single-pulse eCAP at maximum current level. After removal of the data for pulse intervals shorter than the longest pulse interval that resulted in subthreshold N 1 amplitude, functions were fitted to the remaining data points. A, Recovery functions obtained with masker-probe paradigms were fitted with a double exponential function (Eq. 3) as exemplified for an NH animal, a BDNF0 animal, and a 14WD animal. B, Recovery functions obtained with pulse train stimulation were fitted with a single exponential function (Eq. 2) as exemplified for the same three animals. Symbols represent actual eCAP amplitude. Solid lines indicate fitted curves.
There were no statistically significant differences among the three groups of normal-hearing ears (one-way ANOVA; F (2,15) ϭ 0.75; p ϭ 0.49), indicating that neither cochlear implantation nor infusion of PBS into the cochlea had any effect on the number of SGCs. SGC degeneration (black lines) was previously shown to be significant in the three acutely implanted groups (Ramekers et al., 2014) ; here, it persisted beyond these 6 weeks as demonstrated by the 14WD group [Student's t test: 6WD-14WD (right ears only); t (10) ϭ 2.6; p ϭ 0.014]. Progressive SGC degeneration was successfully abolished during the 4 week treatment with BDNF (SGC packing density in BDNF0 animals virtually identical to that in 2WD animals, and 1.9 times that in 6WD animals). Remarkably, SGC degeneration did not recommence 4 or 8 weeks after cessation of the BDNF treatment (SGC packing density in BDNF8 animals on average 2.6 times that in 14WD animals). For a more detailed examination, the SGC packing density for the BDNFtreated ears is shown for the three cochlear locations separately in Figure 7 (inset). There appeared to be location-dependent survival of SGCs after BDNF treatment: whereas the packing density in the basal region did not decrease after treatment cessation, it did slightly decrease from week 10 to 14 in the middle region, and apical SGCs appeared to be largely unaffected by the treatment even during the 4 week treatment period itself. Linear mixedmodel analysis using cochlear location as covariate and time after deafening as factor (groups 2WD, BDNF0, BDNF4, and BDNF8) showed that the course of SGC packing density over time (i.e., among groups) was indeed dependent on cochlear location (interaction effect time ϫ location; F (3,54) ϭ 6.9; p Ͻ 0.001), whereas neither time after deafening nor location showed a clear significant main effect (location: F (1,54) ϭ 2.6; p ϭ 0.12; time: F (3,37) ϭ 2.8; p ϭ 0.052).
As expected, the SGC packing density of the unimplanted left ears of the deafened animals (BDNF0, BDNF4, BDNF8, 14WD; dashed lines) was similar to the implanted right ears of the deafened untreated animals (black solid lines). The somewhat larger difference between the left ears of the BDNF8 animals and both ears of the 14WD animals at t ϭ 14 was not statistically significant (one-way ANOVA; F (2,16) ϭ 2.7; p ϭ 0.09).
SGC mean perikaryal area
Group averages of mean SGC perikaryal area are shown as a function of time after deafening in Figure 8 . PBS infusion and chronic cochlear implantation did not affect SGC size in the NH animals (one-way ANOVA; F (2,15) ϭ 0.75; p ϭ 0.49). As for SGC packing density in Figure 7 , previously obtained data on the initial decrease in cell size 2 and 6 weeks after deafening (2WD and 6WD) are shown in Figure 8 . Compared with 6WD animals and the untreated left ears of the BDNF8 animals, mean perikaryal area appeared to be larger for both ears of the 14WD animals; differences were, however, not statistically significant (one-way ANOVA with groups 6WD, 14WD, and BDNF8 left ears; F (2,21) ϭ 2.8; p ϭ 0.083).
BDNF treatment and subsequent treatment cessation did influence mean perikaryal area: immediately after treatment, cells were much larger (by ϳ18% relative to the start of treatment), and 4 and 8 weeks later, the cells again had a size similar to that seen at the start of treatment. These effects were significant (oneway ANOVA with groups 2WD, BDNF0, BDNF4, and BDNF8; F (3,26) ϭ 5.3; p ϭ 0.005; post hoc multiple comparison with Bonferroni correction yielded significant differences between BDNF0 and BDNF4 ( p ϭ 0.018) and between BDNF0 and BDNF8 ( p ϭ 0.009)). No significant differences among treated and untreated ears were found after treatment cessation (one-way ANOVA; F (3,31) ϭ 1.4; p ϭ 0.27).
Distributions of SGC perikaryal area
To assess the effects of deafening, BDNF treatment, and subsequent treatment cessation on cell size in more detail, the perikaryal areas of individual SGCs are shown in histograms in Figure 9 . The main observation is that the apparent normal distribution of cell sizes in NH animals persists after deafening and is shifted toward the left. This notion implies that after deafening all SGCs become smaller (probably as a result of loss of neurotrophic support), rather than that a divergence emerges between the ϳ25% cells that survive 14 weeks after deafening and those that degenerate during this period. BDNF-treated cells were noticeably larger than untreated deaf or NH animals, but mainly in the basal part of the cochlea. Although the distribution was somewhat skewed, there was no sign of bimodality of the distribution.
Finally, after cessation of the BDNF treatment, the mean cell size gradually decreased, approximating that of 14WD animals, and a normal distribution was preserved in these animals as well.
Single-pulse eCAP recordings
Examples of eCAP recordings to various current levels are shown for an NH animal, a BDNF0 animal, and a 14WD animal in Figure  2B -D. Resulting input-output functions were fitted with a Boltzmann sigmoidal curve (Eq. 1; Fig. 2E ). Group averages of the input-output characteristics thus obtained are shown in Figure  10 . Because single-pulse eCAPs were recorded at three time points during the experimental period (after implantation, after pump removal, and, depending on the treatment schedule, 4 or 8 weeks later), the data shown in Figure 10 are partly pooled across groups. First, eCAP recordings from all deafened animals are grouped together for the recording session immediately following implantation; second, eCAPs from all BDNF-treated animals at the end of the treatment period (final recording session for BDNF0; pump removal for BDNF4 and BDNF8 animals) are pooled. In addition, for various reasons, eCAP recordings immediately postoperatively were not possible in some animals, so that the number of animals per group for these sessions deviates from those in the final recording session (see figure legend) .
Early effects of chronic implantation were assessed for NH animals by comparing eCAPs recorded immediately after implantation with those obtained after removal of the osmotic pump 4 weeks later. Linear mixed-model analysis, treating time as factor and IPG as covariate, showed statistically significant decreases in threshold (Figure 10G,H; F (6.8,1 ) ϭ 9.8; p ϭ 0.017), level 50% (Figure 10 M, N; F (8.1,1 ) ϭ 11; p ϭ 0.010), and latency ( Figure 10 P, Q; F (7.3,1) ϭ 45; p Ͻ 0.001); amplitude, slope, and dynamic range did not change significantly (for all three: p Ͼ 0.5). Differences in absolute eCAP characteristics among groups were evaluated for time points t ϭ 6 and t ϭ 14 separately, treating IPG as repeats in repeated-measures ANOVA (Table 1 ). Significant differences among groups were found for all characteristics except for threshold. In general, the differences were largest between NH and untreated deafened animals (Fig. 10) . Amplitude and slope were larger for NH animals than for the deafened animals, dynamic range and level 50% were larger for deafened than for NH animals, and latencies were longer for NH than for deafened animals. For time point t ϭ 14, the differences were often more pronounced than for t ϭ 6 (Table 1) . A highly significant main effect of IPG was found for all eCAP characteristics for both time points: increasing the IPG resulted in an increase in amplitude, slope, dynamic range, and latency, and a decrease in threshold and level 50% .
For all six eCAP characteristics, the change as a result of IPG increase from 2.1 to 30 s is shown in Figure 10 (right-hand column). Differences in the magnitude of this change among groups (similar to the interaction effect IPG ϫ group in the aforementioned repeated-measures ANOVA) were assessed with one-way ANOVA, the results of which are shown in Table 2 . Subtle but consistent differences among groups were found for amplitude (Fig. 10C) and latency (Fig. 10R) at t ϭ 14, and for level 50% (Fig. 10O) for both time points. Importantly, examining these four particular differences, one observes that there were no differences in the IPG effect between NH and BDNF-treated animals, whereas these two groups significantly deviated from untreated deaf animals (post hoc multiple comparison with Bonferroni correction; Table 2 ). The IPG effect did not change after cessation of the BDNF treatment for any of the eCAP characteristics (one-way ANOVA with groups BDNF0, BDNF4, and BDNF8; p Ͼ 0.12).
Masker-probe recovery functions eCAP waveforms in response to a probe stimulus in a masker-probe paradigm are exemplified for an NH animal in Figure 3A (presented previously in Materials and Methods). The eCAP amplitude gradually decreased with decreasing MPI, until it disappeared altogether for the shortest MPI used (0.3 ms). Recovery functions were constructed from these eCAP amplitudes.
For three individual animals, maskerprobe recovery functions are shown in Figure 5A . For the NH and BDNF0 animals, a peak is present for MPIs ϳ1 ms, giving the recovery function a nonmonotonic appearance, and the curve of the 14WD animal shows a shoulder ϳ1 ms. Fitting of these data was therefore done with a twocomponent exponential function (Eq. 3), of which the first exponential described the peak ϳ1 ms MPI, and the second described the (slower) recovery, reaching saturation for an MPI of ϳ8 ms. Corresponding fits are plotted as solid lines in the figure.
The average R 2 for masker-probe recovery function fitting was 0.96. Group averages of the four parameters derived from the fitted exponential function are depicted in Figure 11 . The absolute refractory period t 0 was ϳ0.5 ms for NH animals, which was significantly shorter than that for the 14WD and BDNF4 animals (ϳ0.6 ms) (one-way ANOVA; F (4,31) ϭ 3.4; p ϭ 0.022; post hoc multiple comparison with Bonferroni correction: NH-14WD, p ϭ 0.048; NH-BDNF4, p ϭ 0.036). Recovery time constant B was ϳ0.5 ms faster for BDNF0 animals than for NH or 14WD animals, and faster for BDNF4 animals than for NH animals (one-way ANOVA; F (4,31) ϭ 6.1; p Ͻ 0.001; post hoc multiple comparison with Bonferroni correction: NH-BDNF0, p ϭ 0.003; NH-BDNF4, p ϭ 0.014; 14WD-BDNF0, p ϭ 0.024). Adding t 0 and B yields a single measure for recovery. This measure still varied significantly among groups, but effects of t 0 and B were partly cancelled (one-way ANOVA; F (4,31) ϭ 3.9; p ϭ 0.011; post hoc multiple comparison with Bonferroni correction: 14WD-BDNF0: p ϭ 0.019).
The facilitation component of Equation 3, describing the peak ϳ1 ms MPI, was defined by facilitation constant c (defining the amplitude) and time constant A . There were no statistically significant differences in c among groups (one-way ANOVA; F (4,31) ϭ 1.0; p ϭ 0.42). Time constant A was shorter for 14WD, BDNF0, and BDNF4 animals than for NH animals by ϳ0.2 ms (one-way ANOVA; F (4,31) ϭ 5.0; p ϭ 0.003; post hoc multiple comparison with Bonferroni correction: NH-14WD, p ϭ 0.007; NH-BDNF0, p ϭ 0.023; NH-BDNF4, p ϭ 0.004). Figure 3B shows examples of eCAP recordings to the last (N th ) pulse of 100 ms pulse trains with different IPIs (presented previously in Materials and Methods). As for the masker-probe example in Figure 3A , the eCAP amplitude decreased with shorter pulse intervals, but this decrease was typically much faster for pulse trains than for masker-probe stimulation. The eCAP amplitudes for the last 10 pulses of pulse trains with different IPIs are plotted in Figure 4 for an NH, a BDNF0, and a 14WD animal. Although the amplitude decreased with higher pulse rates, the amplitudes of the last 10 pulses were relatively stable over pulse number. For the 14WD animal, an oscillating pattern emerged at high pulse rates (Fig. 4C ).
Pulse train responses
Pulse train recovery functions for three individual animals are shown in Figure 5B . The fitted exponential function (Eq. 2) is shown in solid lines. Compared with the masker-probe recovery functions in Figure 5A , these functions clearly show slower recovery. Furthermore, their course could be well described using the single exponential fit.
Pulse train recovery function fitting yielded recovery characteristics t 0 (absolute refractory period) and (recovery time con- 2 bins pooled across animals and plotted for three cochlear locations (columns) and for all animal groups (rows). Each histogram is plotted such that its total area represents 100% of all constituting cells. All cells that were included in the averages in Figure 8 are used in these histograms: NH histograms contain cells from both ears from the NH group from the present study, and additionally from the right ears of 6 NH animals from a previous study (Ramekers et al., 2014) ; the 6WD histograms contain cells from the left untreated ears from BDNF0 animals and from 6 6WD animals from the previous study; the 10WD data are formed by left untreated ears of BDNF4 animals; the 14WD data represent a combined pool from both ears from 14WD animals and the untreated left ears from BDNF8 animals. The number of cells and the number of animals from which these derived are shown in each respective plot. Dashed line indicates the mean SGC perikaryal area in NH cochleas, for each cochlear location separately. . eCAP characteristics derived from fitting of the eCAP input-output functions with Boltzmann sigmoid curves plotted as a function of time after deafening. Phase duration was 50 s for all pulses; IPG was 2.1 s for the first column and 30 s for the second column. In the third column, the difference between the first two columns (the IPG effect; IPG 30 Ϫ IPG 2.1 s) is shown. eCAP characteristics are as follows: maximum amplitude (A-C), slope at inflection point C (D-F ), threshold (G-I ), dynamic range (J-L), level 50% (M-O), and latency (P-R). eCAPs were recorded directly after implantation (t ϭ 2), after removal of the osmotic pump (t ϭ 6), and at the end of the experimental procedure (t ϭ 6 for BDNF0; t ϭ 10 for BDNF4; t ϭ 14 for NH, BDNF8, and 14WD).
For visualization purposes, the NH data at implantation are plotted at t ϭ 0 (black cross) as a theoretical starting point at time of deafening for the deafened groups, and in addition plotted as a blue dotted line for reference. At time point t ϭ 2, all deafened animals (all except NH ) are grouped together (black triangle); these groups subsequently (Figure legend continues.) stant). Group averages of these characteristics are plotted in Figure 12 , showing noticeably longer time constants compared with those obtained with the masker-probe paradigm (t 0 and B ). The BDNF-treated animals had longer t 0 than the other groups by 0.5-0.8 ms, which was statistically significant for BDNF0 and BDNF4 animals versus 14WD animals (one-way ANOVA; F (4,29) ϭ 5.0; p ϭ 0.004; post hoc multiple comparison with Bonferroni correction: 14WD-BDNF0, p ϭ 0.006; 14WD-BDNF4, p ϭ 0.014). No significant differences were found for (one-way ANOVA; F (4,29) ϭ 1.9; p ϭ 0.14). The combined measure t 0 ϩ varied significantly among groups, quite similarly to t 0 by itself (one-way ANOVA; F (4,29) ϭ 3.4; p ϭ 0.021; post hoc multiple comparison with Bonferroni correction: 14WD-BDNF0: p ϭ 0.033).
eCAP amplitude modulation
For the 14WD animal in Figure 4C , the amplitude displayed an alternating pattern for responses to high-rate pulse trains. In Fig- ure 12C, group averages of this eCAP amplitude modulation are depicted as percentage of the maximum eCAP amplitude. Amplitude modulation was significantly larger for 14WD than for NH animals, although overall differences among groups were not statistically significant (one-way ANOVA; F (4,29) ϭ 2.4; p ϭ 0.07; post hoc multiple comparison with Bonferroni correction: NH-14WD, p ϭ 0.02).
eCAP characteristics in relation to SGC packing density Single-pulse eCAP characteristics for which the IPG effect was significantly different among groups (amplitude, level 50% , and latency; see Fig. 10 ; Table 2 ) were evaluated with respect to their relation to SGC packing density. In addition, the relation between eCAP amplitude modulation and SGC packing density was assessed (Fig. 13 ). There was a significant correlation between each of these four functional measures and SGC packing density for the NH and 14WD (i.e., untreated) groups. Except for amplitude (Fig. 13A , dashed lines), these correlations were highly similar to those found for acutely implanted animals (Ramekers et al., 2014 (Ramekers et al., , 2015 . Overall, the BDNF-treated groups are located in close proximity to the regression lines. Importantly, however, for level 50% (Fig. 13B) (Figure legend continued. ) diverge into BDNF-treated (BDNF0, BDNF4, and BDNF8) and untreated animals (14WD) at t ϭ 6. Data points at time points after t ϭ 6 represent data from separate (unmixed) groups. Summaries of the statistical analysis of these data are shown in Tables 1 and 2 . Gray bars represent the BDNF or control treatment period. Error bars indicate SEM. NH: N ϭ 5 at t ϭ 2 and t ϭ 6, N ϭ 6 at t ϭ 14; untreated: N ϭ 19 at t ϭ 2, N ϭ 5 at t ϭ 6, N ϭ 6 at t ϭ 14; BDNF-treated: N ϭ 16 at t ϭ 6, N ϭ 10 at t ϭ 10, N ϭ 7 at t ϭ 14. al., 2010). Since Gillespie et al. (2003) reported SGC degeneration after treatment cessation in the absence of electrical stimulation, Agterberg et al. (2009) suggested that electrical stimulation of SGCs as performed during weekly eABR recordings in all three aforementioned studies may have been sufficiently neurotrophic. The present findings, however, reject this notion, because electrical stimulation during BDNF treatment was limited to 5 min, and electrical stimulation after treatment was applied immediately before death. The continued survival of SGCs may involve the establishment of an autocrine neurotrophic mechanism (Ramekers et al., 2012) . Autocrine BDNF signaling has been shown to mediate growth and survival of mature neurons (Davies and Wright, 1995) and pituitary melanotrope cells (Kuribara et al., 2011) . A cochleotopic gradient in SGC survival emerged after treatment cessation (Fig. 7) , which has been reported repeatedly (e.g., van Loon et al., 2013 ). An intuitive explanation for this gradient is that BDNF was infused from the cochlear base, causing a perilymphatic concentration gradient. However, this should not lead to lower survival in the apical region because endogenous BDNF levels in normal-hearing guinea pigs are ϳ10 pg/ml . Moreover, infusion with very low BDNF concentrations (50 ng/ml) may be effective (Miller et al., 1997) . A more likely explanation follows from cochleotopic gradients in neurotrophic signaling in the healthy mature cochlea: expression levels of NT-3 are highest in the apex, whereas BDNF expression is thought to be higher in the cochlear base (Davis, 2003) . Administration of exogenous BDNF will therefore have a more pronounced effect basally than apically. This notion is supported by the absence of a survival gradient when BDNF is coadministered with NT-3 (Wise et al., 2005) or with fibroblast growth factor (Glueckert et al., 2008) , and by the finding that BDNF protects basal SGCs more potently than NT-3 does (Miller et al., 1997) .
Because BDNF was infused through the electrode array, complete removal of the source of BDNF after the 4 week treatment was not possible. The small quantity that still remained in the cannula may therefore have contributed to the sustained survival of SGCs. However, of this small quantity, only a fraction would have diffused into the cochlea (see Materials and Methods), and its contribution to the strong sustained survival may be considered negligible.
SGC size
Immediately after BDNF treatment, SGCs were larger than normal as commonly reported (e.g., Agterberg et al., 2008) . Subsequently, in contrast to the stabilized SGC packing density, the cells shrank after treatment cessation, as also observed by Agterberg et al. (2009) . The opposing responses in terms of number (Fig. 7) and size (Fig. 8) to treatment, and discontinuation thereof, strongly imply two separate mechanisms of action. This notion is supported by studies using GDNF, which have shown SGC preservation while the cell size was not affected (Scheper et al., 2009; Fransson et al., 2010) . The fact that SGCs in the entire population become smaller, whereas only a minority is lost with each time point after deafening (Fig. 9) , also favors the existence of two separate mechanisms (van Loon et al., 2013) .
Effect of BDNF on eCAP measures
We examined a wide variety of eCAP-derived variables to address the crucial question how the auditory nerve, successfully protected by BDNF, responds to electrical stimulation. Changes in eCAPs with varying IPG or with varying IPIs had been shown to correlate with neural survival (Prado-Guitierrez et al., 2006; Ramekers et al., 2014 Ramekers et al., , 2015 . In four measures, these correlations were clearly confirmed by the control data of the present study (Fig. 13) . For each of these measures, the BDNF-treated nerves, (Ramekers et al., 2014 (Ramekers et al., , 2015 ; these regressions showed statistically significant relationships for level 50% , latency, and amplitude modulation.
regardless of time interval after treatment cessation, functioned as expected based on SGC packing density. Thus, along with preserving the SGCs, BDNF treatment preserved their responsiveness, and cessation of treatment did trigger neither degeneration nor deterioration of responsiveness.
In case of the IPG-difference measure of level 50% (Fig. 13B) , the responses were even normal-like, suggesting improvement of responsiveness. A possible mechanism by which BDNF might cause changes in SGC function is modulation of voltage-gated ion channel expression, distribution, and activity. In in vitro experiments, Adamson et al. (2002) showed that redistribution of ion channels causes basal SGCs to exhibit apical firing properties (sustained firing) after NT-3 treatment and apical SGCs to display basal firing properties (phasic firing) after BDNF treatment. It is therefore possible that the eCAP changes we observed in BDNF-treated cochleas reflected a more "basal" composition of the SGC population. It remains to be investigated which response property (sustained vs phasic) is optimal for electrical stimulation of SGCs and, correspondingly, which neurotrophin would be most suited to apply. Alternatively, it might be crucial to preserve the natural base-to-apex gradient in firing properties by coadministration of BDNF and NT-3 (Needham et al., 2012) .
Because sound encoding with CIs depends on high-rate stimulation, a vital prerequisite for clinical application of BDNF is a limited effect on temporal response properties of the auditory nerve. When stimulated by pulse trains, BDNF-treated ears tend to recover more slowly than untreated control ears (Figs. 5B, 12) . Importantly, the recovery improved toward normal values after treatment cessation. The transient BDNF-induced increase in SGC size may initially affect temporal responsiveness because membrane capacitance is linearly related to soma diameter (Limó n et al., 2005) . Additionally, because BDNF treatment causes apical neurons to change from continuously firing to rapidly adapting under constant depolarization (Adamson et al., 2002) , slower recovery arguably is a logical consequence of BDNF treatment.
Consistent with previous findings (Ramekers et al., 2015) , recovery functions for masker-probe stimulation were nonmonotonic or shoulder-shaped for all animals (Figs. 5A, 11) . Thus, BDNF did not fundamentally change the complex recovery dynamics. A possible mechanism underlying the increased eCAP amplitude for MPIs ϳ1 ms is a temporary increase in firing probability following recovery from refraction due to hyperpolarization-activated currents (Ramekers et al., 2015) .
Relative eCAP measures to assess neural responsiveness
Following implantation, various absolute measures (threshold, level 50% , and latency) changed (Fig. 10) . The mechanism underlying the substantial latency decrease after implantation is unclear. Changes in excitability, however (threshold and level 50% ), can be attributed to tissue growth. The threshold decrease agrees with previous reports in guinea pigs Havenith et al., 2011 Havenith et al., , 2015 and human CI recipients (Hughes et al., 2001; Spivak et al., 2011) . Importantly, corresponding relative measures (IPG effect) changed to a lesser extent after implantation. Hence, measures obtained with IPG variation are better suited to assess neural responsiveness because these are largely independent of implantation effects.
Conclusion
Until recently, the necessity of SGC preservation to ensure good CI performance was subject to debate, as CI performance had not been shown to be better with larger numbers of surviving SGCs Recently, however, Seyyedi et al. (2014) found a strong positive correlation based on SGC counts and word recognition scores from both ears in bilaterally implanted patients. This finding indicates that, when higher-level processing necessary for speech perception is cancelled out, the ear that has the most SGCs systematically has better CI performance.
We have shown that brief treatment with BDNF protects SGCs for a period of time that well exceeds the treatment period itself. We argue that a specific self-sustaining mechanism, possibly an autocrine neurotrophic loop, is triggered by the exogenous BDNF. Functional properties of the SGC population are largely preserved as well, without any indication of the BDNF effect wearing off after treatment cessation. Although it remains to be investigated whether neurotrophin treatment is indeed beneficial for CI performance in humans, the present findings have shown it to be clinically practicable because temporary treatment is sufficient for longlasting effects. Temporary administration of neurotrophic factors to the human cochlea has lower risk of infection or neoplasia and is undoubtedly easier to achieve than chronic supply. Instead of osmotic pumps, gelfoam, which can carry a similar dosage as in the current study (20 g), would be suitable as vehicle (Havenith et al., 2011 (Havenith et al., , 2015 . Finally, whereas chronic delivery may cause excessive sprouting of SGC peripheral processes, possibly deteriorating spatial selectivity of CIs (however, see Landry et al., 2013) , temporary treatment will not give this problem because ectopic fibers retract as soon as the neurotrophin source is removed.
Because there is no reason to assume that the long-lasting effect of temporary neurotrophin treatment on both survival and function is restricted to cochlear neurons, the present findings may be valuable for treatment strategies in relation to other neurodegenerative diseases, which involve spatially restricted neuronal loss.
